Abstract. Immunogenicity testing for PEGylated biotherapeutics should include methods to detect both anti-protein and anti-PEG antibodies (anti-PEG). Although some methods have been published for the detection of anti-PEG antibodies, the information is incomplete and, in some cases, reagents used (such as Tween-20) are known to interfere with detection. This rapid communication describes the use of BioScale's Acoustic Membrane MicroParticle (AMMP®) technology using the ViBE® Workstation to measure anti-PEG antibodies in human serum samples. Briefly, a sample spiked with monoclonal human IgG anti-PEG antibody is diluted in buffer and incubated with paramagnetic beads coated with linear chain mPEG to capture anti-PEG antibodies. The complex is then captured on an acoustic membrane coated with Protein A. The change in mass on the membrane caused by the binding of the complex to the membrane results in a signal proportional to the mass of anti-PEG antibodies. The data indicate that an assay with a sensitivity of less than 1000 ng/mL for IgG is achievable. This level of sensitivity is better than current published reports on IgG anti-PEG antibody detection.
INTRODUCTION
PEGylation is a well-documented modification used to increase therapeutic protein half-life. However, immune responses to the PEG itself have caused, in some cases, loss of product efficacy and adverse safety consequences, which highlights the importance of developing a strategy to monitor anti-PEG antibodies based on risk assessment (1) . Also, the recently published FDA Guidance for Industry on Immunogenicity Assessment for Therapeutic Protein Products has recommended that for PEGylated therapeutic protein products, anti-drug antibody (ADA) assays should be able to detect both anti-protein antibodies and antibodies against the PEG moiety (2). This recommendation has proven to be a tall order, as developing and validating assays to detect antibodies against a PEG moiety is a major challenge. In a review paper by Schellekens et al. (3) , the authors concluded that most, if not all, assays used for detecting anti-PEG antibodies are flawed due to the lack of specificity as well as poor characterization of positive controls (3, 4) . Until recently, traditional bridge immunoassay format assays have been able to detect anti-PEG IgM antibodies but have struggled to detect IgG isotype antibodies with sufficient sensitivity in human matrix (5, 6) , suggesting that the type of PEG and/or protein therapeutic may play a role. In addition to previously published comments (7) , our own observations during assay development have noted that high levels of IgG in a sample make detection of low affinity anti-PEG IgG antibodies difficult in a plate-based or non-plate-based assay format using anti-human IgG detection reagents. A wellcharacterized antibody positive control and robust assay to detect anti-PEG IgG isotype will help to understand the mechanism of induced anti-PEG response following PEGylated therapeutic protein injection in human (8, 9) . In this rapid communication, we report preliminary results for detecting IgG anti-PEG antibodies using an Acoustic Membrane MicroParticle (AMMP) platform.
The Acoustic Membrane MicroParticle platform is an emerging technology that utilizes a non-optical detection system to determine analyte concentration by measuring the change in the oscillating frequency of a piezoelectric membrane (10) . This rapid communication describes a method in which human serum spiked with monoclonal chimeric IgG is diluted in buffer and incubated with paramagnetic beads coated with either PEGylated therapeutic protein or biotinylated PEG to capture anti-PEG antibodies. The complex is then detected by magnetically pulling all paramagnetic beads onto an acoustic membrane sensor coated with Protein A. Beads that are complexed with anti-PEG antibodies remain bound to the membrane sensor through the Protein A, following removal of the magnet. The change in mass on the membrane results in a signal proportional to the mass of anti-PEG antibodies.
Biotinylated PEG of various molecular weights can be coupled to streptavidin-coated paramagnetic beads, making this technology able to detect anti-PEG antibodies against a variety of PEG molecules. The work presented here focuses on the implementation of AMMP for the detection of anti-PEG antibodies for immunogenicity assessment.
MATERIALS AND METHODS

Materials
Commercial Reagents
Biotin-PEG 20 kDa and biotin-PEG 40 kDa were purchased from Nanocs (www.nanocs.net, New York, NY 
METHODS
Capture Reagent
Epoxy Bead Labeling
PEGylated BMS drug A was directly conjugated to epoxy beads (BioScale's AMMP Type II Labeling Kit) per manufacturer's procedure.
Streptavidin Bead Labeling
An AMMP Type I Labeling Kit was used for binding of biotinylated PEG of 20 and 40 kDa to paramagnetic streptavidin beads. The method for binding biotinylated PEG to the beads was modified slightly. Briefly, biotinylated PEG was diluted in PBS buffer and reacted with streptavidin beads. The manufacturer's recommendations were followed except that biotinylated bovine serum albumin (BSA) was not used to saturate open binding sites that were not specifically blocked with a biotinylated reagent.
Protein A Detection With or Without Off-Line Bead Wash
The ViBE platform, for this assay, uses Protein A on a piezoelectric membrane to capture the antibody complex. In the detection step, bound antibody complexes are separated from other matrix components present in the sample by magnetically attracting the beads to the membrane surface, but allowing beads without bound anti-PEG to fall away from the protein A-coated membrane as the magnet is then removed.
Experiments were designed to compare the assay with or without off-line wash, that is, homogenous vs. a nonhomogeneous assay. PEG.2 dilutions ranging from 0.250 to 4.0 μg/mL were prepared in PBS with 1% BSA (w/v) and incubated with epoxy beads conjugated with drug A for 1 h. The plate was then placed either on a BioTek washer equipped with a magnet block to allow aspiration of nonbinding components, or analyzed on the ViBE without the wash step. In both cases, a Protein A surface was used for detection.
Buffer Selections
Multiple buffers were tested for suitability, and three buffers (Blocker Casein in PBS, Super Block in PBS, and Super Block in TBS) were further tested for bead blocking and sample dilution. Conjugated type I beads were diluted in each buffer and blocked for 2 h at ambient temperature prior to use. Control samples were prepared by adding PEG.2 positive control to normal human serum pool at 0.625 to 40 μg/mL and diluted to a final concentration of 5% (v/v) in each of the buffers. Detection of the controls was evaluated using both sets of biotin-20 kDa PEG and biotin-40 kDa PEG type I beads (20 and 30 μg PEG/mg beads) without off-line wash. Blocking and serum dilutions were paired for these comparisons.
Assay Sensitivity and Reproducibility Using Optimized Assay Format
The optimized assay format using 10% serum (v/v) is shown in Fig. 1 . Control samples were prepared by adding PEG.2 positive control to normal human serum pool at 0.625 to 40 μg/mL and stored at −70°C for 24 h prior to use. The spiked controls were thawed at room temperature and diluted tenfold in Blocker Casein in PBS. To perform the assay, Biotin-PEG 20 kDa labeled beads were first diluted in Blocker Casein in PBS and incubated for 1.5 h at room temperature. Then, 80 μL of each positive control diluted to 10% serum were combined with 40 μL of blocked bead solution in a 96-well polypropylene plate and incubated for 1 h on the ViBE instrument integrated shaker. Once the incubation was complete, the online assay steps were initiated and data were collected by the ViBE software version 0.7.4.14126. The controls were run a total of 12 times over 2 days, one plate per day. Each plate contained six replicates. The mean response and intra-and inter-run %CV were calculated.
RESULTS
Assay Format Using Protein A Detection With or Without off-Line Bead Wash
The assay using drug A on epoxy (type II) beads with Protein A cartridges had better sensitivity without using the off-line wash than when the off-line wash was performed. Accumulation values recorded by the ViBE are the measurement of the number of beads in the reaction. The data indicated that magnet-separated samples (pre-treatment step) had lower and less consistent bead accumulation counts than the samples without a magnetic separation pre-treatment step. Mean bead values for samples in 96 wells without a magnetic separation pretreatment step were more than twofold greater than for magnetic separated reactions and bead values in 96 wells had a good precision (%CV ≤ 6.7). These data are summarized in Fig. 2 .
Buffer Selections for Blocking and Sample Dilution
Using streptavidin (SA) coated type I beads and two loading concentrations of biotin-PEG 20 kDa, Blocker Casein in PBS had the lowest background signal and resulted in the best assay sensitivity as shown in Fig. 3 . Differences between the 20 and 30 μg/mg loads indicated that the lower coating concentration was more effective at providing higher sensitivity (<1000 ng/mL) as well as a greater range of detection to up to 40 μg/mL, the maximum level tested. Similar results were obtained using 40 kDa biotin-PEG beads (not shown).
Assay Sensitivity Using Optimized Format
The sensitivity of the optimized assay was assessed in human serum using PEG.2 anti-PEG antibody as a positive control. Data were normalized to the negative control value for each dilution buffer on each plate. A normalized curve is shown in Fig. 4 . Approximate sensitivity of the ViBE method using 10% human serum in Blocker Casein in PBS and 20 kDa PEG/20 μg/mg beads with the PEG.2 positive control is 800 ng/mL based on lowest control concentration above a cut point. The cut point was calculated according to the formula of average + 1.645 x SD Mean , where the average of 0.14 and standard deviation of 12 replicates of unspiked human serum pool were used. Assay reproducibility was evaluated using the same runs as for sensitivity, one plate per day for each of 2 days. Each plate consisted of six replicates of the titration curve prepared as tenfold dilutions in Blocker Casein in PBS against 20 kDa PEG /20 μg/mg beads. Interplate and intra-plate variability for the replicates were indicated by ≤6.7% CV and 1.8% CV, respectively, as shown in Table I .
DISCUSSION
Reports (12, 13) of both pre-existing and therapeutically induced anti-PEG antibodies highlight the importance of developing a reliable assay for their detection. The development of an assay for the detection of anti-PEG antibodies has proven to be challenging. Some assays have been developed to measure IgM response, but the measurement of IgGs is more complicated because of the high levels of other human IgGs interfering when using an anti-human Fc in the assay. Also, we hypothesize that anti-PEG IgGs may be less successful at bridging two distinctly labeled PEG molecule instead of both antibody Barms^binding two units within the same molecule.
Using PEG.2 as a positive control antibody, a generic Acoustic Membrane Micro Particle assay using the ViBE instrument platform for the detection of anti-PEG antibodies in human serum has been successfully developed. It is possible that this assay on the ViBE can overcome issues observed in other assays regarding high
Anti-PEG Sample
Biotin-PEG Protein A Fig 1. AMMP assay format: anti-PEG detection with biotin-PEG 20 kDa immobilized on the magnetic bead and detection of complex on the cartridge coated with Protein A. Biotin-PEG is coupled onto streptavidin-coated paramagnetic beads. Anti-PEG in the human serum forms complexes on the coated beads under homogeneous conditions. When samples flow across the sensor cartridge, the bead complex is captured by Protein A bound to the sensor surface, a piezoelectric membrane. This change in mass on the sensor generates a signal proportional to the mass of bound anti-PEG background signal due to non-specific binding thanks to the following factors: a) In the ViBE platform, bound antibody complexes are separated from other matrix components present in the sample by attracting beads to the membrane surface magnetically, but allowing unbound beads to fall away from the membrane as the magnet is then removed.
Other proteins in sample may bind to the Protein A surface, but if they are not complexed to magnetic The bead accumulation value is the number of beads captured at sensor surface when the magnet is engaged. Magnetic separation was achieved by using a BioTek microwell plate washer fitted with a magnetic plate to draw down beads suspended in solution, followed by aspiration of supernatant. Bead accumulation without off-line bead wash was superior to results obtained with an off-line bead wash because some of the beads were lost during the wash. Assay format without off-line bead wash was selected for the final method development Fig 3. Buffer effect on assay background and sensitivity. Positive control curves were prepared in buffer containing 5% (v/v) human serum and assay was performed with biotin-PEG 20 kDa using type I streptavidin beads coated with 20 or 30 μg biotin-PEG. Reduced slopes, sensitivity, and higher background values were found using 30 μg coated beads, regardless of buffer used. The combination including Blocker Casein in PBS with 20 μg coated beads was selected for further testing beads, they would not contribute significantly to the change in mass on the membrane and would not be detected. b) The assay format does not require an off-line wash step. This may help improve the detection of low affinity antibodies. c) The format utilizes a protein A detection surface.
Protein A has five repeated IgG binding domains which increases assay sensitivity compare to utilization of an anti-IgG as the detector antibody.
In our internal assay development, evaluation of other assay formats and technologies (MSD and AlphaLISA) with PEG.2 as the positive control only achieved sensitivities in the 50-500 μg/mL range (data not shown). Furthermore, experiments on the ViBE (data not shown) using anti-fluorescein on the membrane and FITC-labeled anti-human Fc antibodies as the detection system resulted in high background and apparent non-specific binding that could not be overcome with washes or separation steps which suggested the need for an alternative format.
Some of the key factors to be considered in the development of a sensitive anti-PEG assay are:
Positive Control
We have found that not all positive controls are detectable across all platforms and assay formats. Hence, it is very important to use well-characterized monoclonal or polyclonal antibodies to try to understand advantages and disadvantages across assay formats and platforms.
Assay Buffer
In the development of this assay, multiple commercial and Bhome-made^blocking buffers were tested. For this particular format, Casein in PBS from Thermo Fisher Scientific provided the lowest signal for the (14, 15) previously reported on the detrimental effects of such surfactants on the sensitivity of detection for anti-PEG antibodies. Since our positive control antibody is PEG backbone unit specific, the interference was expected. In our internal assay development, we also observed that Tween-20 in the wash buffer reduced assay sensitivity. In a direct MSD buffer assay with a polyclonal antibody as positive control, nice dose-response curves were observed with three different PEGs tested (0.35, 0.75, and 40 kDa) when only PBS was used as wash buffer. The dose responding curves disappeared when 0.05% Tween 20 was added to PBS wash buffer. We are currently exploring other detergents which do not have structural resemblance to PEG.
This manuscript is the first report in which the ViBE platform is used to detect anti-PEG antibodies and the first report on adequate sensitivity for detection of an IgG anti-PEG control. As a rapid communication, it only touches on some of the key aspects to the development of an anti-PEG assay. We have recently undertaken the task of comparing a several anti-PEG positive controls from our inventory across at least two platforms to deepen our understanding of advantages and potential pitfalls of each.
CONCLUSION
An Acoustic Membrane MicroParticle method for detection of anti-PEG antibodies using the ViBE instrument from BioScale has been found to be reproducible (% CV<7) and with a sensitivity of near 1000 ng/mL in human serum samples. This preliminary work is intended to assist researchers developing assays for detection of anti-PEG antibodies and will be expanded upon.
